Phosphatidylinositol-3-phosphate (PI3P) is a key player in membrane dynamics and trafficking regulation. Most PI3P is associated with endosomal membranes and with the autophagosome preassembly machinery, presumably at the endoplasmic reticulum. The enzyme responsible for most PI3P synthesis, VPS34 and proteins such as Beclin1 and ATG14L that regulate PI3P levels are positive modulators of autophagy initiation. It had been assumed that a local PI3P pool was present at autophagosomes and preautophagosomal structures, such as the omegasome and the phagophore. This was recently confirmed by the demonstration that PI3P-binding proteins participate in the complex sequence of signalling that results in autophagosome assembly and activity. Here we summarize the historical discoveries of PI3P lipid kinase involvement in autophagy, and we discuss the proposed role of PI3P during autophagy, notably during the autophagosome biogenesis sequence.
Phosphatidylinositol-3-phosphate (PI3P) is a key player in membrane dynamics and trafficking regulation. Most PI3P is associated with endosomal membranes and with the autophagosome preassembly machinery, presumably at the endoplasmic reticulum. The enzyme responsible for most PI3P synthesis, VPS34 and proteins such as Beclin1 and ATG14L that regulate PI3P levels are positive modulators of autophagy initiation. It had been assumed that a local PI3P pool was present at autophagosomes and preautophagosomal structures, such as the omegasome and the phagophore. This was recently confirmed by the demonstration that PI3P-binding proteins participate in the complex sequence of signalling that results in autophagosome assembly and activity. Here we summarize the historical discoveries of PI3P lipid kinase involvement in autophagy, and we discuss the proposed role of PI3P during autophagy, notably during the autophagosome biogenesis sequence.
PI3P in membrane identity and trafficking
Phosphatidylinositol-3-phosphate (PI3P) is a phosphoinositide [1] . Many lipids, including some phosphoinositides such as PI4,5P 2 , have been shown to play crucial roles in cellular organization, motility and intracellular membrane trafficking [2] including membrane protrusion, invagination and remodelling. Interestingly, the subcellular location of phosphoinositides inside the cell is tightly regulated, and the presence, or absence, of specific phosphoinositides, together with specialized membrane trafficking proteins such as Rab small GTPases, at a given membrane compartment is often directly correlated with compartment function [3] . Phosphoinositides such as PI4,5P 2 , PI3,4,5P 3 and PI4P have been detected at the plasma membrane and at the Golgi apparatus (Fig. 1) . Instead, PI3P is detected at surface of early endosomes and on intraluminal vesicles of multivesicular endosomes and on autophagosomes, the main organelle of the autophagy degradation pathway [4, 5] . PI3,5P 2 , a subproduct of PI3P, is also detected on autophagosomes and the limiting membranes of late endosomes. Finally, PI3P is observed at sites of LC3-associated phagocytosis and Abbreviations 3-MA, 3-methyl-adenine; ALFY, autophagy-FYVE-linked protein; ALR, autophagosome-lysosome reformation; AMBRA1, autophagy/beclin-1 regulator 1; ATG, autophagy-related; CMA, chaperone-mediated autophagy; ER, endoplasmic reticulum; FYCO1, FYVE and coiled-coil domain containing 1; INPP5E, inositol polyphosphate-5-phosphatase E; LIR, LC3 interaction region; MTMRs, myotubularins; NRBF2, nuclear receptor-binding factor 2; PAS, preautophagosomal structure; PI3KC2, class II phosphoinositide-3-kinase; PI3KC3, class III phosphoinositide-3-kinase; PI3P, phosphatidylinositol-3-phosphate; PROPPIN, β-propellers that bind phosphoinositides; RUFY4, RUN and FYVE domain containing 4; TECPR1, Tectonin domain-containing protein 1; VMP1, vacuole membrane protein 1. it was recently shown at the primary cilium and/or ciliary pocket (Fig. 1) .
Phosphatidylinositol-3-phosphate is generated via the phosphorylation of the inositol ring at the 3-position by the class III phosphoinositide-3-kinase (PI3KC3) [6] . However, also the class II phosphoinositide-3-kinase (PI3KC2), notably the PI3KC2a, has recently been reported to contribute to PI3P synthesis [7] . PI3P can also be generated by dephosphorylation of PI3,4P 2 by a specific phosphatase [1] . The turnover of PI3P is mainly under the control of specialized phosphatases, such as myotubularins (MTMRs, leading to PI), lipid kinases (PIKfyve, leading to PI3,5P 2 ) and lipid degradation by lysosomal lipases [8] (Fig. 2) .
The PI3KC3 phosphorylation pathway involves a multimeric complex composed of the catalytic subunit VPS34 and regulatory/accessory subunits such as VPS15/p150 (PIK3R4). As detailed below, several other subunits can participate in the molecular regulation of VPS34 enzymatic activity as well as subcellular membrane targeting. The Rab5 small GTPase targets the complex to early endosomes, whereas Beclin1 and ATG14L, two key regulators of autophagy initiation, recruit the complex to the preautophagosomal membrane [1, [9] [10] [11] . The kinase and phosphatase activities that yield PI3P are probably directly linked to the precise membrane that requires PI3P production, highlighting the importance of spatiotemporal coordination of the PI3P turnover. PI4P, phosphatidylinositol-4-phosphate;
PI5P, phosphatidylinositol-5-phosphate; PI3,4P, phosphatidylinositol-3,4-bis-phosphate; PI3,5P, phosphatidylinositol-3,5-bis-phosphate; PI3,4,5P3, phosphatidylinositol-3,4,5-tris-phosphate, also known as PIP3; PI3KC3, class III PI3K, known as VPS34; PI3KC2, class II PI3K, a, b or c; Fig4, polyphosphoinositide phosphatase, also known as SAC domain-containing protein 3; MTMRs, myotubularin phosphatases; 4-PPase, 4-phosphatase; 5-PPase, 5-phosphatase.
Functions of PI3P in membrane dynamics, at endosomes or in autophagy, are handled by PI3P-specific binding proteins that contain PI3P recognition motifs such as the FYVE domain (found in EEA1 and Hrs endosomal proteins and the DFCP1 autophagy-related protein), the PX domain (in the trafficking regulators the sorting nexins) and the PROPPIN (b-propellers that bind phosphoinositides) repeats (in WIPI/ATG18 proteins located at autophagosomes). Proteins that contain these motifs serve as scaffolds for the proteins responsible for membrane remodelling and signalling events. Examples are the recruitment of endosomal retromer complex, which promotes tubulation of early endosomes that are to be routed to the trans-Golgi network [12] ; ESCRT complexes, which are responsible for recruitment and invagination of endosomal membrane and receptor tyrosine kinases [13] ; and, of course, the autophagosome biogenesis regulatory machinery [4] , which is the subject of the present review.
Autophagy is a lysosome-associated degradation pathway that requires PI3P
Autophagy is a stress-inducible catabolic process conserved in eukaryotes. Autophagy is the pathway by which accumulated protein aggregates, lipids, organelles or pathogens are targeted to the lysosomal compartment for degradation and recycling [14] . Three main types of autophagic pathways have been described so far: chaperone-mediated autophagy (CMA), microautophagy and macroautophagy. CMA, only characterized in higher eukaryotes, but not in yeast, results in the specific degradation of cytosolic proteins via a lysosomal membrane receptor system [15] . The microautophagy pathway appears to handle cytosolic proteins as well but through direct lysosomal membrane invagination [16] , which is linked to endosomal intraluminal vesicles formation, also a PI3P-dependent process [17] . Finally, macroautophagy is the best characterized of the autophagy-related pathways. Macroautophagy, hereafter referred to as autophagy, occurs through formation of a specific organelle called the autophagosome, which has the ability to enclose cytoplasmic material and to fuse with the lysosome. The biogenesis of autophagosome is orchestrated by multiple complexes containing autophagy-related (ATG) proteins that first initiate formation of a preautophagosomal structure, termed the phagophore (Fig. 3) . The phagophore emanates from the omegasome, a site on the endoplasmic reticulum (ER) positive for PI3P and PI3P-binding proteins [18] . The phagophore elongates and closes to form a mature autophagosome that will ultimately fuse with the lysosome (Fig. 3) .
Autophagosome biogenesis can be initiated by various cues (energy status, nutrient amount, stresses, etc.) transmitted by various mediators that are often signalling kinases. For example, inhibition of mTORC1 by upstream signalling events leads to activation of the ULK1 complex, which in turn activates the PI3KC3 complex, which synthesizes a specific pool of PI3P [19] on the primary autophagosome-related membrane, currently considered as part of the ER, although other membrane sources may be involved in the very first steps of phagophore assembly. The Golgi apparatus, endosomes and the plasma membrane have been proposed to participate directly, indirectly or partially in autophagosome biogenesis from initial phagophore generation to the growth of the organelle [20] [21] [22] [23] .
Once the phagophore starts to elongate, a dedicated molecular machinery allows the specific targeting of the LC3 protein (the mammalian homologue of yeast ATG8) to the preautophagosomal membranous structure by lipidation (phosphatidylethanolamine conjugation) of the protein. This highly regulated reaction is catalysed by several ATG proteins (such as ATG3, ATG7, ATG5, ATG12 and ATG16L1), and this step marks the transition from omegasome to phagophore organelle. The phagophore is a transient doublemembrane, cup-shaped structure; its closure leads to final formation of the autophagosome [14] . The presence of lipidated LC3 on the membrane enables fusion during autophagosome closure, specific cargo-recognition via the LIR (LC3 interaction region) domain and adaptor protein docking [24, 25] . Thus, the presence of LC3 on autophagosomal structures is considered the hallmark of a sequestrating organelle that transports cytoplasmic material along the autophagy degradative pathway. Finally, the mature autophagosome fuses with a lysosome to ensure autophagosomal cargo degradation and component recycling [14] .
The history of PI3P and PI3P enzymes in autophagy
Two lines of research converged to discover the role of PI3P in the regulation of autophagy. The first genetic evidence for the role of the PI3P kinase VPS34 and its partner VPS15/P150 in autophagy came from studies in yeast. The Veenhuis' laboratory showed that the PDD1 gene product (homologue of Saccharomyces cerevisiae Vps34) was required for the macroautophagic degradation of the peroxisome in Hansenula polymorpha [26] . The same group provided evidence for the requirement of Vps15 for the autophagic degradation of peroxisomes in the yeast Pichia pastoris [27] . We know now that VPS34 and VPS15 are part of the molecular machinery of pexophagy (reviewed in [28] ). The other important discovery was that 3-methyl-adenine (3-MA) blocks autophagosome formation [29] . The mechanism by which 3-MA blocks autophagy was discovered by Alfred Meijer and colleagues who reported that 3-MA is an inhibitor of PI3 kinase [30] . In the same study, they showed that wortmannin and LY294002, two pan-PI3 kinase inhibitors also blocked autophagy (they inhibit the p110 catalytic subunit of the class I PI3K, and also other kinases, such as PI3KC3 and PI3KC2b, at higher concentrations; see [6] for a detailed discussion on PIK inhibitors). Here it is interesting to note that Miller and colleagues reported that 3-MA is a VPS34 inhibitor as well [31] .
In collaboration with the Meijer's laboratory, we demonstrated that the activity of VPS34 is required to stimulate autophagy [32] . Moreover, the supplementation of cells with PI3P is sufficient to trigger autophagy in cultured cells. In the same study, we showed that class I PI3K, which contributes to the activation of mTORC1 in the presence of amino acids, inhibits autophagy. The activities of class I and class III PI3Ks in autophagy explain the paradoxical effect of 3-MA on autophagy that can be observed after a long period of treatment in some cell lines [33] . After prolonged treatment, the inhibitory effect of 3-MA on class III PI3K is released, whereas the drug continues to interfere with the activity of class I PI3K. Consequently, the global effect is a stimulation of autophagy. Wortmannin treatment results in a more reliable inhibitory effect on autophagy; however, wortmannin is less stable than 3-MA in solution.
Soon after our report based on studies of mammalian cells, Ohsumi and colleagues reported that Vps34 exists in two complexes in the yeast S. cerevisiae [34] . One of these complexes contains ATG14 and Vps30 (ATG6) and controls autophagy, whereas the other complex contains Vps38 instead of ATG14 and controls vacuolar sorting. Interestingly, in 2001, Yoshimori and colleagues reported that Vps34 interacts with Beclin1 (the mammalian orthologue of yeast ATG6) to regulate autophagosome formation [35] . This finding stemmed from the discovery by Beth Levine and colleagues in 1999 of the role of Beclin1 in autophagy [36] .
Roles of PI3P lipid platforms in the autophagosome journey
As stated above, PI3P synthesis appears to be one of the hallmarks of autophagy initiation. Recent data clearly indicate that PI3P itself and PI3P-binding proteins play roles in autophagy, with a remarkable asymmetry in PI3P distribution on autophagosomal membranes between yeast and mammals [37] . In yeast, PI3P is located in both the luminal and cytoplasmic leaflets of the autophagosome, and more abundantly in the luminal one, whereas in mammalian cells, PI3P is exclusively distributed in the cytoplasmic leaflet during autophagy. This peculiar distribution may be critical for the recruitment of specific effectors and for Fig. 3 . The biogenesis and the journey of an autophagosome. This figure summarizes the membrane dynamics and trafficking steps of autophagosome biogenesis, which begins at the ER membrane, precisely at the omegasome domain, which is enriched in PI3P lipid. The phagophore emanates from the omegasome; other types of membranes can also fuel the process (like endosomes, plasma membrane, lipid droplets, Golgi vesicles, mitochondria, etc.). Once it reaches a critical size, the phagophore closes, and this step leads to autophagosome formation. Then autophagosome will fuse with a lysosome to release the cytoplasmic material for lysosomal degradation.
membrane remodelling. Most of the consistent literature, based on studies using genetic and pharmacological inhibition, indicates that the PI3KC3 enzymatic complex has a pivotal function in autophagy. Interestingly, recent data also demonstrate that PI3P turnover is required for a proper autophagosomelysosome membrane fusion. In this section, we describe first the proposed role of PI3P and PI3P-synthesizing complexes in autophagy induction and autophagosome biogenesis, and then we discuss the importance of PI3P in later steps of autophagy such as autophagosome maturation and transport to and fusion with the lysosomal compartment.
PI3P and PI3KC3 in autophagosome biogenesis
As briefly described above, initiation of autophagy requires termination of mTOR signalling, which leads to ULK1 activation and ATG13 and FIP200 phosphorylation [38] . This signalling sequence ultimately results in Beclin1 phosphorylation, and this step could be considered as the autophagy-specific signal for PI3KC3 complex activation and recruitment to autophagosome biogenesis membrane site, presumably at the ER [9]. PIK3C3 is the major route for production of PI3P (Fig. 2) . VPS34 and its adaptor VPS15 form a core complex that is active at various stages of the autophagic pathway, depending on the associated proteins [39, 40] . In the early stage of autophagy, the ATG proteins Beclin1 and ATG14L are partners of VPS34 and VPS15 and form the 'PIK3C3 complex I'. Other proteins, such as autophagy/beclin-1 regulator 1 (AMBRA1) [41] and nuclear receptor-binding factor 2 (NRBF2) and vacuole membrane protein 1 (VMP1) [42] [43] [44] [45] , are able to control the activity of the complex [46] . AMBRA1 and the ER-transmembrane protein VMP1 are positive regulators, while the role of NBRF2 seems to be context dependent [47] . In the late stage of autophagy (and possibly in the endocytic pathway), ATG14L is substituted in the complex by UVRAG to form the 'PIK3C3 complex II'. Interestingly, ATG14L seems to orchestrate the autophagyrelated complex recruitment to the ER and may discriminate between autophagy and endosomal PI3P enzymatic complexes via mobilization of Rubicon and UVRAG proteins [48, 49] . The activity of complex II is inhibited by the protein Rubicon [48, 50] . Interestingly, Beclin1 is not absolutely required in the function of VPS34 in the endolysosomal pathway [51, 52] . The seminal work of the Ktistakis laboratory elegantly showed that PI3K complex I activity is detected on specific zones of the ER during the very early steps of autophagy. The presence of VPS34 is indeed accompanied by local generation of PI3P, as detected by the FYVE-containing protein DCFP1/ZFYVE1-positive structures [18] . Although the precise role of DFCP1 protein in autophagosome biogenesis is still unknown, the PI3P pool that colocalizes with this protein on the ER has been identified as the omegasome, currently considered the membranous matrix for phagophore assembly and growing, presumably by ER and other membrane sources contribution [19] (Fig. 3) . It is interesting to note that the presence of PI3P on preautophagosomal membranes (at the ER, the omegasome and the phagophore) may link autophagyassociated membrane dynamics observations (membrane remodelling, membrane contributions, etc.) to the precise sequence of ATG protein-related events described by several laboratories that result in LC3 lipidation. Various proteins must bind specifically to the autophagosomal pool of PI3P and presumably regulate key steps of LC3 recruitment and stabilization of the autophagosomal membrane. A notable example is WIPI2 (an analogue of yeast ATG18): WIPI family proteins bear a PROPPIN domain that allows a direct interaction with PI3P [53] . Recent elegant work showed that the binding of WIPI2 to omegasome PI3P is responsible for LC3 recruitment to the future autophagosome membrane. WIPI2 bridges the crucial ATG triad ATG12-ATG5-ATG16L1 by direct interaction with ATG16L1 on PI3P positive membrane to ensure the LC3 lipidation through an E3-like ligase on the ATG3-LC3 conjugate [54] . So far, on the contrary of well characterized role(s) of PI3P-binding proteins on endosomal membranes (such as ESCRT complexes during intraluminal vesicles formation), WIPI2 is the only clear example of autophagy-related PI3P pool protein binding which is essential for autophagosome biogenesis.
Other PI3P-binding proteins related to autophagy initiation or cargo-selection steps have also been identified. ALFY (for autophagy-FYVE-linked protein) is a large scaffolding protein that actively participates in selective autophagy by targeting the ubiquitinated aggregates into the autophagosome [55, 56] . Autophagy selectivity is achieved by a number of receptors or adaptor proteins which can guide the autophagic machinery to a variety of targets, including protein aggregates, signalling complexes, mitochondria and bacterial pathogens, which are often earmarked for autophagy with ubiquitin or galectins tags. [57] . ALFY is one of these adaptors and it specifically targets the autophagosomal membrane via FYVE domainmediated binding to PI3P. The antiautophagic RavZ protein, expressed by the intracellular pathogen Legionella pneumophila, targets the preautophagosomal structures using specialized curvature-sensing motifs and a C-terminal PI3P-binding motif. Upon binding to the phagophore/autophagosome organelle, RavZ induces cleavage of the LC3 conjugation system [58] .
Recent crystallographic studies have shown that the selectivity of PI3KC3 complex I and complex II depends on membrane curvature [59, 60] . These studies have contributed to our current understanding of the role of the PI3KC3 complexes in different steps of intracellular trafficking in coordination with the autophagosome biogenesis machinery.
PI3P and PI3KC3 in postautophagosome biogenesis sequence
In addition to pivotal roles in autophagosome biogenesis initiation, PI3P and the PI3KC3 enzymatic complex are also major regulators of subsequent phagophore elongation and autophagosome maturation steps [61, 62] . Phagophore expansion is still a poorly defined event. The ATG9-ATG2-WIPI1 and/or WIPI2 complexes may provide the growing phagophore with lipids and/or donor membranes by allowing ATG9 to cycle between the phagophore and the donor site [63] [64] [65] . ATG9, a transmembrane protein required for autophagy that is recruited to the omegasome in mammals [and to the PAS (preautophagosomal structure) in yeast], was recently found to traffic through the plasma membrane into recycling endosomes, where it colocalizes with ATG16L1 [21, 66] . Such trafficking might efficiently supply phagophores with membrane of the correct composition [67] . Direct evidence for the requirement of ATG9A trafficking through the recycling endosomes has come recently with the identification of sorting motifs in its N-terminal cytosolic stretch; mutations in this region cause ATG9A accumulation at recycling endosomes thus preventing autophagy [68] . Importantly, spatiotemporal control of membrane trafficking at this step is also regulated through physical and functional interactions between PI3P, UVRAG and their regulatory factors [69] .
Once completed, autophagosomes are primed for fusion with late endosomes (generating amphisomes) and lysosomes in higher eukaryotes (and with vacuoles in yeast), leading to degradation of the captured material. Autophagosomes move along microtubules towards centrosomes using the motor protein dynein [70, 71] to reach lysosomes, thus allowing fusion and subsequent degradation of autophagic content by lysosomal proteases. Very little is known about this cytosolic transport of autophagosomes, but recent studies indicate that PI3P-binding proteins, PIK3C3 complexes and interacting partners, as well as small Rab GTPases are key players in the trafficking and fusion of autophagosomes with lysosomes [72] . Indeed, at the late stage of autophagy, additional PI3P effectors have been shown to interact with the autophagyrelated pool of PI3P. The tethering factor Tectonin domain-containing protein 1 (TECPR1), associating with both PI3P and the ATG12-ATG5 complex, mediates the fusion of autophagosomes with lysosomes in mammals [73] , whereas FYCO1 (FYVE and coiled-coil domain containing 1), an LC3 and Rab7 interactor, is also involved in the maturation and trafficking of autophagosomes [74] . During starvation, FYCO1 moves from a juxta-nuclear position to more peripheral autophagosomes and amphisomes, likely enabling their proper targeting and maturation. In yeast, evidence for an amphisome intermediate is still missing, but PI3P effectors, ATG24 and Vam7, have been shown to be necessary for efficient autophagosomevacuole fusion [75, 76] .
Another PI3P-interacting protein, RUFY4 (RUN and FYVE domain containing 4), has recently been identified as a novel regulator that increases autophagy flux. When overexpressed, RUFY4 induces drastic membrane redistribution and strongly tethers lysosomes [77] . It is expressed in subsets of immune cells, including dendritic cells, and can prevent infection by the intracellular pathogen Brucella abortus. RUFY4 is one of the few known positive regulators of autophagy that is expressed in a cell-specific manner or under specific immunological conditions associated with IL4 expression such as allergic asthma.
Phosphatidylinositol-3-phosphate synthesis and also its dephosphorylation are crucial for autophagy progression (Fig. 2) . The clearance of PI3P from the autophagosome, enabling the disassembly of its effectors and the fusion of the autophagosome with the lysosome, is a requisite for the completion of autophagy. The dephosphorylation of PI3P is carried out by phosphoinositide 3-phosphatases of the myotubularin protein family [8] . Among these phosphatases, the involvement of MTMR14 [78, 79] , MTMR3 [80] MTMR6 and MTMR7 [79] in autophagy has been documented in higher eukaryotes.
The only yeast member of the myotubularin protein family, the PI3P phosphatase Ymr1, is essential for the late stage of autophagy, and its absence precludes ATG protein dissociation from mature autophagosomes, presumably accounting for a defective autophagosome-vacuole fusion that causes the accumulation of autophagosomes in the cytoplasm [81] . We infer that PI3P levels on autophagosomal membranes are regulated in yeast by the action of multiple phosphoinositide phosphatases, because autophagy is not completely abrogated in the absence of Ymr1. Another phosphatase, Inp53/Sjl3, also localizes to the PAS and probably participates in specific aspects of PI3P turnover [81] .
Recently, the inositol polyphosphate-5-phosphatase E (INPP5E) has been identified as a novel autophagy regulator that localizes to lysosomes and is involved in autophagosome-lysosome fusion in neuronal cells [82] . The INPP5E-mediated turnover of late endosomal/ lysosomal PI3,5P 2 through hydrolysis to PI3P enables cortactin-mediated actin filament stabilization on lysosomes, thus allowing fusion with autophagosomes. INPP5E also localizes to primary cilia. Mutations in INPP5E cause short and unstable cilia [83] and are also responsible for Joubert syndrome, a ciliopathy causing a rare brain abnormality characterized by defects in autophagy [82] .
VPS34 lipid kinase has recently been shown to directly regulate a late step of autophagy critical for cell survival during starvation, a process termed autophagosome-lysosome reformation (ALR), which drives reformation of lysosomes from autolysosomes through lysosomal tubulation [84, 85] . The process is controlled by mTOR, which phosphorylates UVRAG and activates the VPS34-UVRAG complex to produce a lysosomal pool of PI3P, thus regulating both tubule initiation and maintenance. Two other phosphoinositides, PI(4)P and PI(4,5)P 2 , play essential roles in controlling tubule initiation [86, 87] . This multiplicity may allow rapid control of signalling and maturation of the tubulation process.
Together, these finding demonstrate that phosphoinositides on late endocytic vesicles and lysosomes are linked to autophagy regulation. PI3P synthesis, turnover and spatiotemporal distribution, which are tightly controlled by both kinases and phosphatases, determine, through selective recruitment of proteins at specific sites and membrane remodelling, the timing and extent of the autophagic flux.
PI3KC3-independent autophagy
The PI3KC3 complex I (VPS34-VPS15-Beclin1-ATG14L) and its product are required for canonical autophagy as this PI3P is necessary for initiation of the elongation of the phagophore as discussed above. However, recent studies have also suggested the existence of PI3KC3 (and/or Beclin1)-independent autophagy [88, 89] . These forms of noncanonical autophagy may be independent or dependent of PI3P and have been attributed to phosphoinositides closely related to PI3P [83] or to PI3KC3-independent source(s) of PI3P [7] respectively. To our knowledge, no form of noncanonical autophagy independent of phosphorylated forms of phosphatidylinositol has been reported. Below, we briefly describe these alternative pathways, principally focusing on phosphoinositides and particularly on PI3P.
PI3P-independent autophagy: PI3P replacement by PI5P
Recently David Rubinsztein and colleagues reported that a low abundance form of PI, PI5P, regulates autophagosome biogenesis independently of PI3P [90] . PI5P is produced by the type II PI5P-kinase PIKfyve or by the myotubularin-dependent degradation of PI3,5P 2 . Both pathways seem to be involved in PI5P-dependent autophagy. Like PI3P, PI5P is able to recruit autophagy effectors such as WIPI2 and DFCP1. The binding of PI5P to WIPI2 was abrogated in a mutant unable to bind to PI3P suggesting that both PIs bind to the same site on WIPI2. Interestingly, PI5P-dependent autophagy is active in response to glucose deprivation, a condition when PI3P is not required for autophagy; as described above, PI3P is required during amino acid deprivation. Both the ULK1 complex and the requirement for PI3P, two early events in autophagosome biogenesis, are differentially regulated depending on the nutrition status of the cell [91] . How the production of PI5P intersects with the regulation of the VPS34 complex [92] must be determined to better understand the balance between PI3P-dependent and PI3P-independent forms of autophagy. Finally, it is interesting to note that PIKfyve has been reported to play a role during the late stage of autophagy [93] , in prevention of neurodegeneration [94] , and in fighting bacterial infection [95] . Thus, PIKfyve may be of therapeutic interest because it should be a druggable enzyme.
PI3KC3-independent sources of PI3P: alternative PI3P synthesis pathways
Although the PI3KC3 is the major contributor to the PI3P synthesis (Fig. 2) , it does not account for all PI3P production. Indeed, class II PI3Ks (PI3K-C2a, PI3K-C2b and PI3K-C2c in mammals and a single orthologue in Drosophila and Caenorhabditis elegans) phosphorylate PI, PI4P and PI4,5P 2 in vitro to produce PI3P, PI3,4P 2 and PI3,4,5P 3 respectively; PI might be the main substrate in vivo [96, 97] . Studies on VPS34-knockout mouse embryonic fibroblasts demonstrated that a and b class II PI3K are required for PI3P synthesis necessary for autophagosome formation [7] . Similarly, C. elegans class II PI3K orthologue participates in the maturation of the phagophore. Furthermore, PI3K-C2a plays a major role in both the endocytic and exocytic pathways through PI3P production. Thus, depletion of PI3K-C2a leads to a defect in endosomal-recycling to the plasma membrane which was shown to affect Rho and Rac GTPases [3], Rab11-mediated polarized trafficking of vesicles to the primary cilium [98] , growth factor receptor signalling [99] and general endosomal sorting signalling [100, 101] . Interestingly, class II PI3K-dependent PI3P synthesis has similar functions in Drosophila, where it is involved in protrusion formation in hemocytes [102] . In addition, PI3K-C2a is required, via the production of PI3,4P 2 , for clathrin-mediated endocytic trafficking [103] and insulin receptor signalling [104] .
The ability of PI3K-C2a to produce 3-phosphorylated phosphoinositides thus has direct physiological consequences on development, angiogenesis, neurotransmitter release and primary cilium function [98, 101, 105] . One intriguing hypothesis is that the functional versatility of PI3K-C2a is achieved through the production, in selected cellular compartments, of at least two different 3-phosphorylated phosphoinositides: PI3P at endosomes and autophagosomes and PI3,4P 2 at the plasma membrane. This PI3P production could be regulated by the presence of multiple protein-protein and proteinlipid interaction domains, which modulate PI3K-C2a localization (and perhaps substrate selectivity). Further studies aimed at the identification of class II PI3Ks effectors and pathways that will be important for a broader understanding of their functions.
Conclusion and future directions
As we have described here and has been reported in recent specialized overview papers [1, 6, 106] , the local synthesis of PI3P at a given membrane is now considered a key event in many cellular processes, such as autophagy initiation and endosomal membrane dynamics. Thus, as previously described for other phosphoinositides (such as PI4,5P 2 ), these observations highlight the importance of PI3P in membrane identification and in the initiation of membrane-based signalling events and in membrane remodelling and trafficking events. Although PI3P is a bona fide actor (and marker) of both autophagosome biogenesis and intraluminal endosomal vesicle formation, its simple presence on endomembrane compartments cannot solely contribute to identify the membranes that should be modified or rearranged. A complex spatial and temporal combination of molecular events must allow the cell to use local PI3P pools to promote local and specific membrane dynamics. It will be a major challenge in future studies to determine if and how PI3P affects autophagic membranes properties and to understand how kinases, such as PIK3C3 and PIK3C2, and phosphatases produce different pools of PI3P (illustrated by the need for ATG14L in autophagosomal VPS34-related activity only) and then to find out how, where and when different PI3P-binding proteins discriminate the different PI3P platforms in the cell, as exemplified by the presence of Hrs protein on endosomes and its absence on preautophagosomes and by the presence of WIPI proteins on autophagosomal membranes and their absence from endosomes.
Future directions are likely to be related to the development of more sophisticated fluorescent reporters for the analysis and visualization of such local pool(s) of PI3P. Furthermore, the advent of new chemical and optogenetic approaches (such as PI3P analogues and inducible chemical dimerization) [6] , together with specific genome engineering of tagged proteins expressed at the near endogenous level, would enable to successfully investigate the complex spatiotemporally controlled formation and turnover of this phosphoinositide at defined subcellular sites.
Finally, the generation of PI3P-metabolizing enzymes-specific modulators will shed light on PI3P-mediated membrane dynamics events that contribute to the complex interplay between the endosomal, lysosomal and autophagosomal pathways. Such compounds would also be powerful therapeutic tools for autophagy modulation.
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